Overexpression of hLPCAT1 and detection of proteins by Western blot analysis
Transfection was performed using Lipofectamine 2000 (Invitrogen). Microsomal proteins were prepared 48 h posttransfection. Cells were scraped in a buffer containing 20 mM Tris-HCl (pH 7.4), 300 mM sucrose, and a cocktail of protease inhibitors, Complete (Roche Diagnostics; Basel, Switzerland). Cells were then sonicated twice for 30 s each time. Proteins were centrifuged for 10 min at 9,000 g , and the resulting supernatant was ultracentrifuged for 1 h at 100,000 g . The pellet (microsomes) was resuspended in a buffer containing 20 mM Tris-HCl (pH 7.4), 1 mM EDTA and 300 mM sucrose.
Western blot analyses were performed as previously described ( 7 ) . Anti-LPCAT1 antiserum was generated at Immuno-Biological Laboratories (Gunma, Japan) using a C-terminal peptide (EMYP-DYAEDYLYPDQTHFDS) for immunization of rabbits ( 11 ) . Anti-LPCAT1 antiserum, anti-FLAG M2 antibody (IBI/Kodak; Rochester, NY), and anti-HA 3F10 antibody (Roche Diagnostics) were utilized at a dilution of 1:1000. When indicated, proteins were incubated overnight at 37°C with 1 unit of N-Glycosidase F (Roche Diagnostics) in a buffer containing 20 mM sodium phosphate, 10 mM EDTA, 0.5% Triton X-100, and 1% 2-mercaptoethanol, before electrophoresis.
Site-directed mutagenesis
The mutants of hLPCAT1 were constructed by overlap extension PCR ( 14 ) . PCR was carried out using KOD -Plus-(TOYOBO; Osaka, Japan).
The mutant of platelet-activating factor receptor (PAFR) was constructed using QuikChange site-directed mutagenesis kit (Stratagene; La Jolla, CA). The primers utilized for both genes are listed in Table 1 .
Measurement of lysophospholipid acyltransferase activity
Lysophospholipid acyltransferase activity was measured as previously described ( 7 ) . The assay buffer contained 1 µg of microsomal protein, 110 mM Tris-HCl (pH 7.4), 1.5 mM EDTA, 150 mM sucrose, 25 µM [
14 C]palmitoyl-CoA or 100 µM [ 3 H]acetylCoA, and 50 µM lysophospholipid in the presence or absence of 1 mg/ml PC (Sigma-Aldrich; St. Louis, MO; product no. P4279). PC was dried under dry nitrogen, Tris buffer was added, and the mixture was sonicated for 1 min in a bath type sonicator. For NEM-sensitivity assay, proteins were preincubated with various concentrations of NEM for 15 min on ice before reaction.
Evolutionary analysis
Putative lysophospholipid acyltransferases from various species were searched using Basic Local Alignment Search Tool (BLAST) ( 15 ) . TBLASTN search was utilized. Multiple alignment was performed with a ClustalW analyzing system from the DNA Data Bank of Japan ( 16 ) .
Tissue distribution of hLPCAT1 mRNA
Quantitative PCR was performed as previously described using a LightCycler 1.5 (Roche Diagnostics) ( 7 ) . Commercially available cDNA from human tissues (human Multiple Tissue cDNA Panels I and II; TaKaRa) were used as templates. The primers were the same as those utilized for detection of hLPCAT1 by RT-PCR.
RESULTS

Cloning of hLPCAT1 from HEK293 cells
Our initial step was to isolate hLPCAT1 cDNA from human cell lines. To determine which cell lines express erated. These observations suggest a role of mLPCAT1 in pulmonary surfactant lipid biosynthesis. Concomitantly, Chen et al. ( 12 ) reported the cloning of rat LPCAT1 (rLPCAT1, NM_001100735). rLPCAT1 shares similar properties to mLPCAT1. rLPCAT1 is extremely highly expressed in alveolar type II cells, which secrete pulmonary surfactant ( 7, 12 ) . The mRNA level of rLPCAT1 increases perinatally, which correlates with the perinatal production of surfactant by the embryo.
Following the above reports, an alternative theory regarding the activity and function of human LPCAT1 (hLPCAT1, AB244719) was proposed. Agarwal et al. ( 13 ) cloned and characterized a sequence with 88% homology to mLPCAT1, which they designated as 1-acylglycerol-3-phosphate-O -acyltransferase 9 (AGPAT9). They reported that they did not observe any LPCAT activity and proposed a role for hLPCAT1 in the immune system, rather than in pulmonary surfactant lipids biosynthesis, because its mRNA was detected not only in the lung but also in the spleen.
We report here the cloning and characterization of hLPCAT1 (AGPAT9). We fi rst cloned hLPCAT1 from cDNA of HEK293 cells. Activity assays revealed that hLPCAT1 does in fact exhibit LPCAT, LPGAT, and lyso-PAF AT activities, similar to mLPCAT1. The activity of hLPCAT1 was inhibited by a sulfhydryl-reducing reagent, N -ethylmaleimide (NEM), suggesting the importance of at least one cysteine residue for the activity of hLPCAT1. Indeed, hLPCAT1 activity was completely abolished by mutation of Cys 211 to other amino acids. This cysteine is conserved among some homologs of LPCAT1. We analyzed these cysteine-containing acyltransferases by a phylogenetic tree, and the results suggest that LPCAT1 bifurcated before the appearance of teleosts, similar to the evolution of the lung. In addition, hLPCAT1 is highly expressed in the human lung. Therefore, we propose that hLPCAT1 is involved in pulmonary surfactant lipid biosynthesis to facilitate respiration.
MATERIALS AND METHODS
Detection of hLPCAT1 expression by RT-PCR
Total RNA from A549 cells, HEK293 cells, and HeLa cells was prepared using RNeasy Mini Kit (QIAGEN; Hilden, Germany). cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen; Carlsbad, CA). A 154 bp fragment of hLPCAT1 was amplifi ed by RT-PCR using ExTaq (TaKaRa; Shiga, Japan). The primer sequences were 5 ′ -CCTCATGACACTGACGCTCTTC-3 ′ as a forward primer, and 5 ′ -CAGGAAGTCCACAACCTTCCTC-3 ′ as a reverse primer.
Cloning of hLPCAT1
hLPCAT1 was cloned by RT-PCR using cDNA from HEK293 cells as a template. The primer sequences were 5 ′ -CTAGCTAGC CACCATGGATTACAAGGATGACGATGACAAGAGGCTGCG-GGGATGCGGACCCCGGGCCGC-3 ′ as a forward primer and 5 ′ -CCGCTCGAGCTAATCCAGCTTCTTGCGAACAGGC-3 ′ as a reverse primer. A FLAG epitope was attached at the N-terminus. The PCR fragment was inserted into the NheI/XhoI restriction sites of the pCXN2.1(+) vector.
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verifying that Asn 213 is not glycosylated. As expected, N-glycosidase treatment had no effect on the molecular weight of mutant N213A ( Fig. 1D , fi fth lane versus sixth lane). To exclude the possibility that N-glycosidase treatment was unsuccessful, microsomes from PAFR-overexpressing HeLa cells were treated similarly with N-glycosidase. N-glycosidase treatment decreased the molecular weight of PAFR, indicating that PAFR was N-glycosylated ( Fig. 1E , third lane versus fourth lane), and that treatment with N-glycosidase resulted in deglycosylation. The molecular weight of N-glycosidase-treated PAFR was similar to that of a mutant lacking the N-glycosylation site (PAFR-N169A) ( Fig. 1E , fourth lane versus fi fth lane) ( 19 ) . These results indicate that N-glycosidase treatment was successful but did not affect hLPCAT1 band size. Thus, we concluded that hLPCAT1 is expressed as a nonglycosylated protein although it possesses a putative N-glycosylation site (Asn 213 ).
Lysophospholipid acyltransferase activity of hLPCAT1
We next examined whether hLPCAT1 possesses lysophospholipid acyltransferase activity. Microsomes from hLPCAT1-transfected HeLa cells exhibited high LPCAT, LPGAT, and lyso-PAF AT activities, compared with microsomes from vector-transfected cells ( Fig. 2A -C , third and fourth bars).
Because there is a discrepancy between our results and the report showing that hLPCAT1 has no LPCAT activity, we investigated whether the buffer composition may affect LPCAT activity. Our reaction buffer contains 1 mg/ml of PC mixture whereas those in other reports do not ( 13 ) . Thus, we performed LPCAT, LPGAT, and lyso-PAF AT assays in the absence or presence of PC. In the absence of PC, no signifi cant activity was observed, whereas in the presence of PC, hLPCAT1 exhibited LPCAT, LPGAT, and lyso-PAF AT activities ( Fig. 2A-C ) . These results show that hLPCAT1 is indeed an LPCAT and that its activity is observed only in the presence of PC.
NEM sensitivity of hLPCAT1
Sensitivity to NEM, a sulfhydryl-reducing reagent, is commonly used for characterizing acyltransferases. Therefore, we evaluated NEM sensitivity of hLPCAT1. Preincubation with 0.4 mM NEM [a concentration that does not inhibit the activity of glycerol-3-phosphate acyltransferase (GPAT) 1 ( 20 ) ] led to a signifi cant decrease of hLPCAT1 activity indicating that hLPCAT1 is an NEM-sensitive enzyme ( Fig. 3 ). Higher concentrations of NEM led to a stronger inhibition, and 40 mM NEM almost completely abolished hLPCAT1 activity ( Fig. 3 ) . C211S  AGAAGGAACTTTTACAAACAGGACCTGC  TCCTGTTTGTAAAAGTTCCTTCTGGAAAAATC  C211R  AGAAGGAACTCGTACAAACAGGACCTGC  TCCTGTTTGTACGAGTTCCTTCTGGAAAAATC  C211F  AGAAGGAACTTCTACAAACAGGACCTGC  TCCTGTTTGTAGAAGTTCCTTCTGGAAAAATC  N213A  AACTTGTACAGCCAGGACCTGCCTAATTAC  GGCAGGTCCTGGCTGTACAAGTTCCTTCTG   PAFR mutant  Forward Primer  Reverse Primer   N169A  CAGTGCTGGCTCAGGCGCCGTCACTCGCTGCTTTG  CAAAGCAGCGAGTGACGGCGCCTGAGCCAGCACTG hLPCAT1, RT-PCR was carried out using cDNA from A549, HEK293, and HeLa cells. A 154 bp fragment of hLPCAT1 was detected in all three cell lines ( Fig. 1A ) . The full-length hLPCAT1 cDNA (1605 bp) was cloned by RT-PCR using cDNA from HEK293 cells. The enzyme consists of 534 amino acid residues and contains four conserved acyltransferase motifs (acyltransferase motifs 1-4) ( 17 ), one putative N-glycosylation site, and a dilysine ER localization motif at the C terminus ( 18 ) . hLPCAT1 has 88% homology to both mLPCAT1 and rLPCAT1. Our clone possessed 100% homology to that cloned by Agarwal et al. ( 13 ) Detection of hLPCAT1 by anti-LPCAT1 antiserum Because we previously generated an anti-mLPCAT1 antiserum ( 11 ), we investigated whether this antiserum cross-reacts with hLPCAT1. Microsomes from FLAGhLPCAT1-overexpressing Chinese hamster ovary (CHO)-K1 cells were subjected to Western blot analysis. When using an anti-FLAG antibody, no signal was obtained from microsomes of vector-transfected cells, whereas a single band was detected from microsomes of FLAG-hLPCAT1-overexpressing cells ( Fig. 1B , upper panel) . The same samples were then analyzed using the anti-LPCAT1 antiserum. Similarly, a single band was observed from microsomes of hLPCAT1-transfected cells, but not from microsomes of vector-transfected cells ( Fig. 1B , lower panel) . This result shows that the antiserum against mLPCAT1 can also be used to detect hLPCAT1.
Because hLPCAT1 mRNA was detected in all three cell lines, we examined hLPCAT1 protein levels in these cells. Western blot was carried out using anti-LPCAT1 antiserum. Faint bands appeared in microsomal proteins (10 µg) from all three cell lines but signals were extremely low when compared with 1 µg of microsomal protein from hLPCAT1-overexpressing CHO-K1 cells ( Fig. 1C ) .
Analysis of the putative N-glycosylation site of hLPCAT1
To investigate whether the putative N-glycosylation site of hLPCAT1 (Asn 213 ) is glycosylated, we performed N-glycosidase treatment of microsomes from hLPCAT1-overexpressing HeLa cells, followed by Western blot analysis. N-glycosidase treatment had no effect on the molecular weight of hLPCAT1 ( Fig. 1D , third lane versus fourth lane) suggesting that hLPCAT1 is expressed as a nonglycosylated protein. To further confi rm that hLPCAT1 is not glycosylated, we constructed a mutant lacking the putative N-glycosylation site (mutant N213A). The mutation did not affect the molecular weight of hLPCAT1, as revealed by Western blot analysis ( Fig. 1D , third lane versus fi fth lane), and 4 are known to be NEM-sensitive enzymes ( 22, 23 ) . Conversely, GPAT1 is known as a NEM-insensitive enzyme ( 20 ) . In GPAT1, an arginine is located at this position. A phenylalanine and a proline are located at this position in LPGAT1 ( 24 ) and GPAT2 ( 25 ) , respectively.
We hypothesized that Cys 211 is crucial for the activity of hLPCAT1. Therefore, we constructed three mutants, C211S (serine was selected due to its structural similarity to cysteine), C211R, and C211F. When transfected in HeLa cells, the three mutants were expressed at similar levels as revealed by Western blot analysis ( Fig. 4A ) . Next, we measured LPCAT and LPGAT activities of these three mutants. LPCAT and LPGAT activities were completely abolished in all three mutants ( Fig. 4B and C ) . These results show that Cys 211 is essential for the activity of hLPCAT1.
Analysis of Cys 211 of hLPCAT1
NEM sensitivity indicates the presence of at least one cysteine in hLPCAT1 critical for its activity. To investigate which cysteine is important, we compared the primary sequences of human acyltransferases ( Table 2 ) . We identifi ed a cysteine (Cys 211 ) conserved in the putative acyltransferase motif 3 of LPCAT1 ( 7, 11 ), LPCAT2 ( 8 ), lysophosphatidylethanolamine acyltransferase 2 (LPEAT2) ( 21 ), GPAT3 ( 22 ) , and GPAT4 ( 23 ) ( Table 2 ). Both GPAT3 
Evolutionary analysis of hLPCAT1
The importance of Cys 211 and its conservation in human acyltransferases led us to the hypothesis that these enzymes that contain a cysteine at the end of motif 3 constitute a sub-family in acyltransferases, which we call "motif 3-cysteine" acyltransferases. Thus, we performed an extensive BLAST search to determine how these "motif 3-cysteine" acyltransferases have bifurcated from each other. We found 2, 2, 6, 6, and 5 "motif 3-cysteine" acyltransferases from Caenorhabditis elegans , Ciona intestinalis , Danio rerio , Mus musculus , and Homo sapiens , respectively ( Table 3 ). Then we performed multiple alignment and drew a phylogenetic tree ( Fig. 5 ) . The result revealed that the "motif 3-cysteine" acyltransferases had fi rst bifurcated into two groups. The fi rst one was comprised of GPATs and the second one contained LPCATs and LPEATs. The proteins encoded by Ciona intestinalis cicl007p14 and cieg018n20 share a common ancestor with LPCATs and LPEATs of vertebrates. LPCAT1 seems to have evolved after the bifurcation of the ancestor of Ciona intestinalis and teleosts ( Fig. 5 , arrow) . This is in agreement with the fact that the lung evolved before the appearance of teleosts ( 26 ) .
Tissue distribution of hLPCAT1 mRNA
To confi rm the importance of hLPCAT1 in the human lung, we examined its mRNA expression by quantitative PCR. We used two panels of cDNA from human (panel 1: cDNA from heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas; panel 2: cDNA from spleen, thymus, prostate, testis, ovary, small intestine, colon, and leukocytes) as templates for quantitative PCR. In panel 1, the expression of hLPCAT1 was the highest in the lung, followed by the placenta ( Fig. 6A ) . In panel 2, the expression of hLPCAT1 was the highest in the spleen, followed by leukocytes ( Fig. 6B ) .
DISCUSSION
LPCAT1 has been proposed to be the biosynthetic enzyme of pulmonary surfactant lipids ( 7, 12 ) . This hypothesis was suggested for the following reasons. First, LPCAT1 synthesizes DPPC and DSPG in vitro, the major lipid components of pulmonary surfactant. Second, LPCAT1 is highly expressed in the lung, especially in alveolar type II cells, which secrete pulmonary surfactant. Third, LPCAT1 expression is upregulated perinatally, coincident with the production of pulmonary surfactant. However, the above observations were performed using either rats or mice and in these instances hLPCAT1 was not investigated.
Agarwal et al. ( 13 ) cloned hLPCAT1 and reported that it possesses no LPCAT activity. This observation impelled us to investigate the activity of hLPCAT1 and determine whether it has the potential to biosynthesize pulmonary surfactant lipids. In this study, we showed that hLPCAT1 possesses LPCAT, LPGAT, and lyso-PAF AT activities as previously reported in the murine homolog. The activity was dependent on the presence of PC in the reaction buffer. It is unclear how PC works in the reaction but it is likely that it acts as a detergent, because Soupene et al. ( 27 ) could observe LPCAT activity of mLPCAT1 in the presence of Tween-20 instead of PC. Consistently, we detected LPCAT activity of hLPCAT1 in the presence of 0.015% Tween-20 without PC (T. Harayama, H. Shindou, and T. Shimizu, unpublished observations). There is also possibility that lipid interaction is important for the activity of LPCAT1. The defi ciency of LPCAT activity in the report of Agarwal et al. ( 13 ) could therefore be explained by a lack of detergent in the reaction mixture.
To further characterize novel properties of LPCAT1, we demonstrated that LPCAT1 was NEM sensitive, like GPAT2-4 ( 22, 23, 25 ) . Interestingly, LPCAT1 shares a conserved cysteine (Cys 211 , at the end of motif 3) with GPAT3 and 4. Indeed, mutation of Cys 211 showed that it was crucial for the activity of LPCAT1. This cysteine may be responsible for the difference between the NEM sensitivity of various acyltransferases. Further experiments are needed to directly certifi cate this hypothesis. At this position, GPAT1 and lysophosphatidic acyltransferase 1 (LPAAT1; also called AGPAT1) contain arginines that have been shown to be crucial for their activity ( 28, 29 ) . Thus, the amino acid at the end of motif 3 seems to be essential for the activity of these acyltransferases. Although GPAT2 does not possess the described motif 3-cysteine, a cysteine at motif 2 was proposed to be responsible for its NEM sensitivity ( 25 ) . The importance of the amino acid at the end of motif 3 suggests that this residue can be utilized to classify acyltransferases. Therefore, we performed an extensive BLAST search to investigate the conservation of the LPCAT1 motif 3-cysteine. The results showed that the cysteine at the end of motif 3 is highly conserved among many enzymes of many species. We termed these enzymes "motif 3-cysteine" acyltransferases in this work. The establishment of this classifi cation allowed us to investigate the evolution of LPCAT1. We compared the motif 3-cysteine enzymes to determine when LPCAT1 fi rst appeared. The phylogenetic tree suggested that the evolution of LPCAT1 occurred before the appearance of teleosts. It is said that the ancestor of the lung also appeared before the evolution of teleosts as a "respiratory pharynx", which became the air bladder in teleosts and the lung in other vertebrates ( 26 ) . Thus, the evolution of LPCAT1 appears to coincide with that of the lung. Because both LPCAT1 and LPCAT2 possess lyso-PAF AT activity, the ancestor enzyme of LPCAT1 might be a PAF biosynthetic enzyme. Additionally, LPCAT1 might have evolved as the biosynthetic enzyme of pulmonary surfactant phospholipids. The high expression level of hLPCAT1 mRNA in the human lung underscores its involvement in pulmonary function.
The properties of hLPCAT1 that we have described here implicate it in the biosynthesis of pulmonary surfactant lipids. First, it synthesizes DPPC and DSPG in vitro, the major lipid components of pulmonary surfactant. Second, the evolution of LPCAT1 appears to coincide with the evolution of the lung. Third, hLPCAT1 is highly expressed in the human lung. In addition to these fi ndings, hLPCAT1 mRNA (which was called AYTL2 in the report) was shown to be upregulated during in vitro differentiation of alveolar type II cells ( 30 ) . Our preliminary data suggest that hLPCAT1 exhibits substrate specifi city for palmitoyl-CoA (T. Harayama, H. Shindou, and T. Shimizu, unpublished observations). Based on the above observations by us and others, we propose that hLPCAT1 is the biosynthetic enzyme of pulmonary surfactant lipids. Further studies are needed to elucidate the roles of hLPCAT1 in surfactant production in vivo. Given the fact that mutations in numerous genes involved in pulmonary surfactant function lead to various pulmonary diseases (for example, ATP-binding cassette A3 and surfactant protein B) ( 3, 31 ) ,
